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Modified polysaccharides such as high amylose starch are used as excipient in controlled drug release
technology. Crosslinked high amylose starch is a hydrophilic matrix used for the sustained release of
drugs. Tablets using modified hybrid starch as excipient display zero-order release over 2-24 h. A release
over 3-4 weeks was observed when the modified starch is used as an implant. The use of starch in con-
trolled release system is appealing because it could be easily metabolized in the human body. We review
here the use of NMR imaging and solid state 3C spectroscopy in the study of the various factors influenc-
ing drug release in such systems.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Starch structure

Starch is a mixture of two natural polymers, amylose and amy-
lopectin (Whistler, BeMiller, & Paschall, 1984). Those two polymers
are composed of p-glucoyranose molecules linked by an acetal
bond at the a-1,4 position. Amylose is a linear polymer made up
of 250-5000 glucose units. Amylopectin, in contrast, is a slightly
branched polymer of high molecular weight made up of 10,000-
100,000 glucose units. In amylopectin, in addition to the a-1,4 link-
age of amylose, 2-5% of branched points are present through o-1,6
acetal bonding (Robyt, 1998). This branching results in the cluster
structure adopted by amylopectin. Each branch of amylopectin is
composed of 20-30 glucose units. The resulting structure is flexible
enough to allow the crystallization of amylopectin, an unusual
properties for branched polymers.

Natural and chemically-modified starches can adopt a variety of
crystalline structures. The preferred crystalline structure of a
starch sample depends on both the amylopectin structure and
the ratio amylose/amylopectin (Barsby, Donald, & Frazier, 2001).
Consequently, the crystalline structure observed is highly depen-
dent on the biological origin of the starch granule. The crystalline
structures of the starch could be observed by X-ray diffraction
and '3C CP/MAS NMR spectroscopy (Fig. 1) (Buleon, Colonna,
Planchot, & Ball, 1998; Gidley & Bociek, 1985, 1988).

Cereal starch, from corn, wheat or rice, typically adopts an
A-type crystalline structure. This type of crystalline structure is
favored by amylopectin having short lateral chains and branching
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points close to each other (Barsby et al., 2001). Fruit and tuber
starches have a different crystalline structure, the B-type, favored
by long side chains and distant branching points (Buleon et al.,
1998). C-type crystalline structure was observed in leguminous
plant. This type of starch is in fact a mixture of A and B-type crys-
talline structure. In peas, for example, starch in the center of the
granule adopts a B-type crystalline structure while the periphery
of the granule is composed of A-type structures (Bogracheva, Mor-
ris, Ring, & Hedley, 1998). Starch could also adopt a V-type crystal-
line structure (from Verkleisterung derived from the German word
Kleister meaning ‘gelatinized starch’) (Whistler et al., 1984). This
crystalline structure is usual of modified starch, but is also ob-
served in the endosperm of some native starch granule. Formation
of inclusion complexes between amylose and fatty acids, water,
alcohol, iodine or other small molecules gives rise to the formation
of V-type crystalline structure. V-type structure is also formed
when cooling a starch solution previously heated to a temperature
above its gelatinization temperature in the presence of a molecule
to complex (Bulpin, Welsh, & Morris, 1982).

The structures of A- and B-types of crystalline starch are similar.
They are both formed by the packing of double helices of amylose
and amylopectin. The V-type crystalline structure, however, is
composed of single helices. V-type helices are composed by six glu-
cose units by turn (Fig. 2A), and the helix pitch is 0.8 nm (Immel &
Lichtenthaler, 2000). The hollow structure in the helix is large en-
ough to accommodate small molecules, which could lead to the
formation of inclusion complexes. A- and B-type double helices
are composed of two times six glucose units by turn and the helix
pitch is longer than V-type helix (Fig. 2B), i.e. 2.1 nm (Imberty, Bu-
leon, Vinh, & Perez, 1991; Wu & Sarko, 1978a, 1978b). In A-type
crystalline domains, the double helices are packed in a monoclinic
cell (Imberty, Chanzy, Perez, Buleon, & Tran, 1988; Imberty et al.,
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Fig. 1. 'C CP/MAS NMR spectrum obtained at 75.46 MHz with a contact time of
1 ms of (i) amorphous starch, and (ii) V-type, (iii) A-type, (iv) B-type crystalline
structure. Reprint from Gidley et al. (Gidley & Bociek, 1988) with the permission of
the American Chemical Society. The inset represents the chemical structure of o(1-
4)glucopyranose repeating unit of starch with *C; chair conformation.

1991), where each helix has six neighboring helices, in a B-type
crystalline domains the double helices are packed in a hexagonal
cell with three neighboring helices (Imberty et al., 1991). The den-
sity of A-type crystalline domains is higher than that of the B-type
domains mainly because of the closer packing of the helices.

1.2. Thermal transitions of starch

Starch gelatinization reefers to the irreversible endothermic
transition associated with the loss of crystalline domains and
lamellar structure of the starch granule (Barsby et al., 2001). When
a water suspension of starch granule is heated, water will diffuse
inside the granule which will swell the granule, heat will then
break the hydrogen bonds which maintain the structural integrity
of the starch granules. The gelatinization leads to the segregation
of the amylose chains and the amylopectin clusters leading to an
increase of local viscosity of the starch suspension. The gelatiniza-
tion temperature of a starch sample will vary according to the
number of glucose units implicated in the formation of helices,
i.e. the size of the crystalline domains. An increased number of glu-
cose units will lead to an increase in the gelatinization tempera-
ture. The gelatinization temperature is usually observed between
50 and 110 °C (Barsby et al., 2001), but also at lower temperatures
in highly alkaline media. The use of starch as a thickener usually
involves starch gelatinization.

Starch retrogradation is an exothermic transition which is char-
acterized by the aggregation and crystallization of starch chains in
gels. Classically, starch retrogradation is associated with an in-
creased stiffness of the sample (Miles, Morris, Orford, & Ring,
1985). Upon retrogradation of highly concentrated starch solution,
the formation of a rigid tridimensional network is observed
(Gidley, 1989). Bread stalling is a common example of starch
retrogradation (Morgan, Furneaux, & Stanley, 1992).

1.3. High amylose starch

In the 1940’s a recessive gene leading to the production of a
starch enriched in amylose was identified in different varieties of
corn. This discovery led to the creation of corn producing starch
with a content of 50%, 70%, and even 90% of amylose (Whistler
et al., 1984). Properties of high amylose starch from a given botan-
ical sources differs from the ‘normal’ starches of the same botanical
source richer in amylopectin. In high amylose starch, the gelatini-
zation temperature is higher (Whistler et al., 1984), the range cov-
ered by this transition is wider (Shi, Capitani, Trzasko, & Jeffcoat,
1998), the granule swelling is reduced (Whistler et al., 1984), the
gels formed by high amylose starch are more rigid (Case et al.,
1998) and the effect of amylase enzyme is reduced. The crystalline
degree of high amylose starch is also lower (Morrison, Tester, &
Gidley, 1994; Shi et al., 1998).

The differences observed between ‘normal’ starches and high
amylose starches are not only related to the different amylose/
amylopectin ratio, but also to different amylopectin architecture
(Shi et al., 1998). High amylose corn starch treated with isoamy-
lase, an enzyme that specifically cleave the a-1,6 bonding, shows
that the proportion of long side chains is higher than in ‘normal’
corn starch. Because of this uncommon architecture, high amylose
corn starch adopts preferentially a crystalline structure of B-type
while ‘normal’ corn starch shows a A-type crystalline structure
(Shi et al., 1998; Whistler et al., 1984).

2. Crosslinked high amylose starch excipient for controlled drug
release

The use of native starch as excipient is limited due to its low
compressibility leading to the formation of weak tablets subject
to capping (Rowe, Sheskey, & Weller, 2003). Chemical modifica-
tions of starch led to the development of more versatile excipi-
ents (Cartilier, Ungur, & Chebli, 2006; Chebli, Moussa,
Buczkowski, & Cartilier, 1999; Dumoulin, Carriere, & Ingenito,
1998b; Joensson, Gustavsson, Laakso, & Reslow, 2002; Lefevre,
Fuertes, & Quettier, 2001; Lenaerts, Chouinard, Mateescu, & Is-
pas-Szabo, 2002; Lenaerts, Dumoulin, & Mateescu, 1991, Lenaerts
et al,, 1998, 2003; Mateescu, Lenaerts, & Dumoulin, 1992; Pope &
Royce, 1987; Rudnic, McCarty, & Belenduik, 1996; Te Wierik, Eis-
sens, Bergsma, Arends-Scholte, & Lerk, 1997; Zhang, Xiao, Bind-
zus, & Green, 2006). Among the different chemical
modifications, crosslinking is the more common. Epichlorohydrin
is a widely used crosslinking agent (Cartilier et al., 2006; Lenaerts
et al., 1991; Mateescu et al., 1992). However, epichlorohydrin is
toxic and carcinogenic, (O’Neil, 2006) driving the pharmaceutical
and food industries to use less toxic crosslinking agents (Lenaerts
et al.,, 2003) such as sodium trimethaphosphate or phosphorus
oxychloride (Dumoulin et al., 1998b; Lefevre et al., 2001; Lenaerts
et al., 2003).

Two types of crosslinked high amylose starch (CHAS) excipient
(Fig. 3) were studied by '>C NMR spectroscopy and NMR imaging.
Difference in swelling, water uptake, and drug release is observed
between the tablets made of two types of CHAS powder, CHAS 1
swells more and faster than CHAS II leading to a faster water up-
take and a faster drug release.

In both preparation methods, the crosslinking step is essential
to improve the stability and the toughness of the starch gels
formed upon hydration. The instability is often associated with
the retrogradation of the starch, both the crosslinking and the
functionalization will limit the reorganization of the starch chains
leading to retrogradation. Crosslinks hinder the movement of the
starch chains thus limiting the retrogradation (Ravenelle & Rahmo-
uni, 2006; Whistler et al., 1984). The gelatinization step is essential
to increase the hydrophilicity of the final excipient.
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Fig. 2. Helical structure of crystalline starch. (A) V-type single helix. (B) A-type
double helix. Drawn according to the crystalline structure of Immel et al. (Immel &
Lichtenthaler, 2000)

The CHAS excipients are used in the controlled release of drugs
in tablets for oral administration or implants. CHAS is used in the
direct compression of a large variety of drugs ranging from soluble
to insoluble in water, and the release profile of the drug could be
easily controlled and adapted (Ravenelle & Rahmouni, 2006). In
comparison to well-known excipients such as microcrystalline cel-
lulose or hydroxypropylmethyl cellulose, tablets made of CHAS do
not dissolve or disintegrate upon hydration (Fig. 4).

3. 13C NMR spectroscopy of chemically modified high amylose
starch controlled drug release systems

3.1. 13C NMR of starch materials

13C NMR spectroscopy is widely used to assess the structure of
starch samples, and to study structural changes of starch-based
samples (Atichokudomchai, Varavinit, & Chinachoti, 2004; Blaszc-
zak, Valverde, & Fornal, 2005; Deval et al., 2004). Many phenomena
such as retrogradation (Baik, Dickinson, & Chinachoti, 2003; Primo-
Martin, van Nieuwenhuijzen, Hamer, & van Vliet, 2007; Smits, Kru-
iskamp, van Soest, & Vliegenthart, 2003), gelatinization (Lin, Wang,
& Chang, 2008), formation of inclusion complexes (Morgan, Furne-
aux, & Larsen, 1995), and enzymatic hydrolysis (Pizzoferrato, Rot-
ilio, & Paci, 1999; Shogren et al., 1992) of the starch could be
studied by '3C CP/MAS NMR spectroscopy. '>C NMR spectroscopy
of starch is sensitive to the polymorphism of the material (Gidley
& Bociek, 1985, 1988; Tan, Flanagan, Halley, Whittaker, & Gidley,
2007; Veregin, Fyfe, Marchessault, & Taylor, 1986). Amorphous
and crystalline materials have different >C NMR spectra (Fig. 1).
13C CP/MAS spectroscopy can be used to observe the formation,
destruction, or changes of the crystalline domains following the
application of different stimulus. While X-ray diffraction measures
long range order, NMR spectroscopy assesses the local structure of
the starch chains. The crystallinity, or order, measured by '*C NMR
spectroscopy is higher that the crystallinity obtained by X-ray dif-
fraction for the same sample because only a fraction of the ordered
domains probed by NMR are large enough to diffract X-rays (Bars-
by et al., 2001; Gidley & Bociek, 1985; Shi et al., 1998).

3.2. 13C NMR of CHAS tablets
The limited swelling and the shape retention of the CHAS tab-

lets which lead to the sustained release property are due to the ret-
rogradation of the starch chains. The structural reorganization of

A NaOH 4% 3.25%
—_— —
a (NaPO,),
w0 Ho
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Fig. 3. Preparation methods of crosslinked high amylose starche (CHAS). (A) CHAS I (Dumoulin et al., 1998b) is prepared by the gelatinization of the starch, followed by
crosslinking with 3.25% of sodium trimethaphosphate; (B) CHAS Il is prepared (Lenaerts et al., 2003) by crosslinking the starch with 0.075% of phosphorus oxychloride, then
functionalized with propylene oxide and followed by gelatinization. (M) Amylopectine; (l) amylose; (M) crosslinker.
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Fig. 4. NMR 'H intensity images of (A) microcrystalline cellulose/mannitol tablet and (B) crosslinked high amylose starch tablet (CHAS I) during water absorption at 25 °C at
different immersion times. 256 x 256 pixel images obtained with a multi-echo pulsed sequence (echo time 4 ms; repetition time 2 s; in-plane resolution 59 pum) on a
spectrometer operating at 300.13 MHz. (A.1) 35 min; (A.2) 3h; (A.3) 4 h; (A.4) 10 h; (A.5) 11 h; (B.1) 35 min; (B.2) 10 h; (B.3) 20 h; (B.4) 50 h; (B.5) 70 h.
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Fig. 5. '3C CP/MAS NMR spectra of CHAS I obtained at 150.90 MHz with a contact
time of 1.5 ms. (A) Dry CHAS; (B) Hydrated CHAS.

the starch chains can be studied by '*C CP/MAS NMR spectroscopy.
In the dry tablets, modified starch is mainly present as amorphous
and V-type structures (Dumoulin, Alex, Szabo, Cartilier, & Matee-
scu, 1998a; Le Bail, Morin, & Marchessault, 1999; Shiftan, Raven-
elle, Mateescu, & Marchessault, 2000). Upon hydration of starch,
the amorphous domains are partially converted to B-type crystal-
line structures (Fig. 5) (Shiftan et al., 2000; Therien-Aubin, Janvier,
Baille, Zhu, & Marchessault, 2007a). The B-type double helices act
as new crosslinking points which limit the swelling and contribute
to the shape retention by the formation of a tridimensional net-
work in the whole tablet.

The '3C CP/MAS NMR experiments with variable contact time
presented in Figs. 5 and 6 were recorded at room temperature on
a Bruker AV-600 spectrometer operating at 150.90 MHz. The sam-
ples were spun at 8 kHz, and 1000-1800 scans were accumulated.
The contact time varied from 0.01 to 11 ms (Therien-Aubin et al.,
2007a).

The initial dry CHAS is mainly amorphous with traces of V-type
crystalline structures (Therien-Aubin et al., 2007a). Upon hydra-
tion, the narrowing and the splitting of the peaks are observed
(Fig. 5), and spectral features typical of the B-type helices, such
as the doublet at 100 ppm, can be observed. Le Bail et al. have
shown that in highly crosslinked samples, the formation of B-type
helices is not observed, the crosslinking of the starch hindering the
development of double helices (Le Bail et al., 1999).

r T T T T T
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Fig. 6. '3C NMR CP/MAS spectrum of dry CHAS Il acquired at contact time of 1.5 ms.
(A) Experimental spectrum. (B) Decomposed spectrum. Peak 1 is associated to the
amorphous domains and the V-type helices. Peak 2 is characteristic of B-type
helices, Peak 3 of glucose units in amorphous amylopectin, and Peak 4 of
constrained linkage in an unfavored conformation produced upon spray-drying of
the CHAS powder.

Shiftan et al. showed that the B and V polymorphs have a differ-
ent sensitivity to the crosslinking density (Shiftan et al., 2000). The
crosslinking density limits the capacity to form the two poly-
morphs, as observed by lower and broader peaks for the NMR
peaks typical of the crystalline domains of B and V polymorphs.
However, this effect is more pronounced for the B double helix
polymorph. The formation of B-type domains needs the coopera-
tive movements of the starch chains to form the double helices.
Crosslinking points highly limit these movements. High crosslink-
ing density even prevents the formation of the V-type single heli-
ces. The limited formation of B-type domains upon hydration is
responsible of the loss of cohesion, capping and disintegration ob-
served for tablets made of highly crosslinked CHAS.

The starch polymorphs have different NMR spectra, the region
of the C1 resonance is particularly well suited to study the poly-
morphism of the starch samples (Bogracheva, Wang, & Hedlery,
2001; Gidley & Bociek, 1985, 1988; Paris, Bizot, Emery, Buzare, &
Buleon, 2001; Paris, Bizot, Emery, Buzaré, & Buléon, 1999; Shiftan
et al., 2000; Veregin et al., 1986). The spectral decomposition of
this region, along with variable contact time CP/MAS experiments,
allows the quantitative determination of each polymorphs in the
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starch samples (Therien-Aubin et al., 2007a). Fig. 6 shows typical
spectral decomposition of an NMR spectrum of dry CHAS.

13C CP/MAS spectroscopy was used to compare CHAS I and
CHAS II. The results obtained (Therien-Aubin et al., 2007a) shows
that dry CHAS I and II contained c.a. 20% of starch organized in
B-type structure, while the hydrated CHAS contained, in both
cases, c.a. 60% of B-type helices. The higher degree of crosslinking
of CHAS I does not limit the reorganization of the starch chains in
B-type helices (Therien-Aubin et al., 2007a). The differences be-
tween the two preparation methods arise in the content of interfa-
cial material between the B-type domains and the V-type and
amorphous domains. Hydrated CHAS I contained less interfacial
material between the double helices domains and the amor-
phous/single helix domains than the hydrated CHAS II. Therefore,
the domains composed of B-type double helices are more homoge-
neously dispersed in hydrated CHAS Il (Therien-Aubin et al.,
2007a). The difference in the efficiency of the membrane at
water/tablet interface, responsible of the limited swelling and sus-
tained diffusion, is not attributed to the higher degree of crosslink-
ing, but to the preparation method and the homogeneity of the gel
membrane formed at the interface. The gelatinization of the CHAS
I, prior to crosslinking, allows the segregation of the amylose and
the amylopectin. Therefore, CHAS 1 has a more heterogeneous
structure than CHAS II.

4. NMR imaging of chemically modified high amylose starch
controlled drug release systems

Among the imaging techniques, NMR is appealing in the study
of pharmaceutical excipients (Baumgartner, Lahajnar, Sepe, &
Kristl, 2005; Fyfe & Blazek-Welsh, 2000; Kowalczuk, Tritt-Goc, &
Pislewski, 2004; Rajabi-Siahboomi et al., 1994) because of its
non-invasive and non-destructive nature which allows the study
of the interior of any non-ferromagnetic object without physical
slicing. NMR imaging can provide detailed images in any directions
of the interior of an analyzed object. The contrast of NMR images
typically represents the spin density of mobile protons of the sys-
tem. In the study of solvent uptake, only the molecules of solvent
contribute to the signal. However, contrast of the image could be
adjusted by any factors measurable by NMR, such as changes in
concentration (Baille, Malveau, Zhu, & Marchessault, 2002; Chow-
dhury, Hill, & Whittaker, 2004a; Chowdhury, Hill, Whittaker, Bra-
den, & Patel, 2004b; Fyfe & Blazek, 1997; Malveau, Baille, Zhu, &
Marchessault, 2002; Thérien-Aubin, Baille, Zhu, & Marchessault,
2005; Thérien-Aubin & Zhu, 2006; Thérien-Aubin, Zhu, Ravenelle,
& Marchessault, 2008), relaxation times (Chowdhury et al.,
2004b; Fyfe & Blazek, 1997; Rajabi-Siahboomi, Bowtell, Mansfield,
Davies, & Melia, 1996), or self-diffusion coefficients (Bowtell et al.,
1994; Kojima & Nakagami, 2002; Rajabi-Siahboomi et al., 1996;
Thérien-Aubin et al., 2008; Tritt-Goc, Kowalczuk, & Pislewski,
2003). NMR imaging is widely used to follow water uptake and
moisture diffusion and to assess the water distribution in a system
in different polymeric and starch-based systems (Hopkinson, Jones,
Black, Lane, & McDonald, 1997; Horigane, Takahashi, Maruyama,
Ohtsubo, & Yoshida, 2006b; Horigane et al., 2006a; Kasai, Lewis,

Table 1
Physical characteristics of the CHAS tablets

CHAS Drug Weight Diameter Thickness Compression Hardness
loading (mg) (mm) (mm) force (kN)  (N)

I - 200 8.5 2.6 13 198

1 - 209 8.9 3.0 22 138

11 10% 205 8.7 3.0 8 145
Acetaminophen

1 10% 202 8.6 2.8 8 130

Ciprofloxacin

Ayabe, Hatae, & Fyfe, 2007; Russo et al., 2007; Ziegler, MacMillan,
& Balcom, 2003). NMR imaging of pharmaceutical tablets could be
used to follow the effects of solvent uptake in a single tablet at dif-
ferent immersion times.

4.1. Acquisition of NMR images of CHAS tablets

The NMR imaging experiments in the study of the drug loading
effect were performed on a Bruker Avance-400 NMR spectrometer
operating at 400.26 MHz for protons on different CHAS tablets (Ta-
ble 1). The system was equipped with three orthogonal field gradi-
ent coils (maximum gradient of 100 G/cm). A standard spin-echo
pulse sequence was used to obtain spin density images of the tab-
lets. A slice of 0.5 mm in thickness was selected either perpendic-
ular or parallel to the main magnetic field (axial axis) using a sinc-
shaped pulse. Eight scans were accumulated to obtain 128 x 128
pixel images for a field of view of 1.5 cm, leading to an in-plane res-
olution of 117 pm. An echo time (TE) of 3 ms and a repetition time
(TR) of 1s were fixed leading to an acquisition time of about
17 min for each image. Self-diffusion coefficient imaging was per-
formed under the same condition by applying a pulsed-gradient
spin-echo (PGSE) sequence in the imaging pulsed sequence. In this
case, the echo time, which is equal to the diffusion time (A), was
set to 10 ms in order to achieve enough attenuation of the signal
in the self-diffusion experiment. The length of the gradient pulse
(8) used in the PGSE sequence was 2 ms, and the gradient strength
varied from 5 to 100 G/cm (Thérien-Aubin et al., 2008). For the
study of the temperature effect, the experiments were carried on
a Bruker DSX300 NMR spectrometer operating at 300.13 MHz, also
equipped with similar orthogonal field gradient coils on CHAS I and
CHAS II tablets (Table 1) without drug molecules. A slice 1 mm in
thickness was selected either perpendicular or parallel to the main
magnetic field (axial axis) using a sinc-shaped pulse. Four scans
were accumulated to obtain 128 x 128 pixel images for a field of
view of 2 cm, leading to an in-plane resolution of 156 pm. An echo
time (TE) of 6 ms and a repetition time (TR) of 1 s were fixed lead-
ing to an acquisition time of about 8.5 min for each image (Théri-
en-Aubin et al., 2005). The reported errors in Tables 2-4 are
standard deviation measured on triplicates.

4.2. Swelling of CHAS tablets

Upon immersion of a tablet in water, both the water uptake and
the swelling of the tablet can be observed by NMR imaging. The
swelling of the tablet, shown by its variation in size, is character-
ized by the percentage of swelling (S)

S(t):MXIOO (1)
do

where d(t) is the dimension of the tablet at an immersion time ¢,

and dy the initial dimension of the tablet. Fig. 7 shows typical swell-

ing kinetics of CHAS tablets. The swelling rates (k) are obtained

from the fits of

S(t) = Smax(1 —e78) + Sy (2)

where Sy« is the maximal swelling observed at the equilibrium and
So the swelling caused by the sorption of moisture present in the air.

The swelling observed upon immersion of the tablet in water is
limited and anisotropic (Malveau et al., 2002; Thérien-Aubin &
Zhu, 2006; Thérien-Aubin et al., 2005, 2008). The limited swelling,
leading to the shape retention of the tablet and the prevention of
tablet dissolution or erosion, is caused by the reorganization of
the hydrated starch chains (Le Bail et al., 1999; Ravenelle & Rah-
mouni, 2006). The reorganization of the starch chains was evi-
denced by >C NMR spectroscopy as discussed in the precedent
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Table 2
Swelling characteristics of the CHAS II tablets in water

H. Thérien-Aubin, X.X. Zhu/Carbohydrate Polymers 75 (2009) 369-379

Drug loading Temperature (°C)

Radial swelling

Axial swelling

Smax (%) k (1073 min~") Smax (%) k (1073 min~")
- 25 22+2 3+1 44 +£5 8+3
- 37 23+2 6+3 55+3 8+2
- 45 205 8+2 56 +3 307
- 60 72+3 1245 103+5 59+6
10% Acetaminophen 37 27+3 5+1 62+6 7+3
10% Ciprofloxacin 37 24+2 6+1 54+3 8+2
10% Ciprofloxacin® 37 22+2 7+1 52+4 8+2
¢ Experiments performed in an aqueous solution of ciprofloxacin (0.03 g/mL).
Table 3
Characteristics of water uptake in the CHAS II tablets
Drug loading Temperature (°C) NMR integration Profile fit
D (10" m?/s) n D (10~'' m?/[s)
- 25 1.1£0.1 0.4 +0.1 3.9+0.6
- 37 20+03 0.5+0.1 63+04
- 45 2.60 +0.03 0.51 +0.04 8+1
- 60 - 0.9+0.1 16+1
10% Acetaminophen 37 3.9+0.2 0.54 £ 0.06 7205
10% Ciprofloxacin 37 6.1£0.5 0.49 +0.07 8.1+£06
10% Ciprofloxacin® 37 53+04 0.44 + 0.06 7.3+0.8

D, average diffusion coefficient calculated with Eq. (4) from fits of Eq. (3) to the experimental data.

n, water uptake kinetic parameter, obtained from fits of Eq. (3).
D, diffusion coefficient measured from fits of Eq. (5).
¢ Experiments performed in an aqueous solution of ciprofloxacin (0.03 g/mL).

Table 4

Comparison of tablets made of CHAS I and CHAS II

CHAS Temperature (°C) Swelling Water uptake
Radial (%) Axial (%) D (10~ m?[s)

I 25 24+3 - 1.9+0.1

[ 37 38+3 76+5 2.7+0.1

| 25 22+2 44 +5 1.1+0.1

1 37 23+2 55+3 20+03

section. Table 2 shows the anisotropic swelling of the CHAS tablet
evidenced by a larger swelling in thickness (axial) than in diameter
(radial) (Malveau et al., 2002; Thérien-Aubin et al., 2005). The phe-
nomenon is related to the preparation process of the tablets. Dur-
ing the tablet compression, the force is applied in the axial

direction, the thickness, and the spherical starch particles are com-
pressed into irregular disk. Upon immersion in water and tablet
hydration, the stress is released and the particles regain their ori-
ginal shape, leading to a larger swelling in the direction of the ap-
plied compression force (Le Bail et al., 1999).

4.3. Water uptake and diffusion coefficient

NMR imaging can be used to monitor directly the penetration of
water in the tablet. The solvent penetration is commonly measured
by gravimetric method. However, gravimetric studies of CHAS tab-
lets do not lead to quantitatively interpretable data due to the
abrasion of the tablets (Malveau et al., 2002; Thérien-Aubin
et al., 2005). NMR imaging studies can bypass this problem and al-
low the measurement of the average diffusion coefficient of water
in unperturbed systems as the gravimetric studies and also the
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Fig. 7. Radial swelling kinetics of the CHAS II tablets. (A) Temperature effect; (W) 25 °C, (®) 37 °C, (a) 45 °C, and (V) 60 °C. (B) Drug loading effect; (M) no drug, (®)

acetaminophen (10 wt.%), and (a) ciprofloxacin (10 wt.%). Fits to Eq. (2) are shown.
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loading effect; (M) no drug, (®) acetaminophen (10 wt.%), and (a) ciprofloxacin (10 wt.%). Fits to Eq. (3) are shown.

‘instantaneous’ diffusion coefficient (Thérien-Aubin et al., 2005,
2008). Furthermore, NMR imaging with contrast resolved by self-
diffusion coefficient can be used to follow the mobility of the water
molecules according to their location in the tablet (Thérien-Aubin
et al., 2008).

The average diffusion coefficient is measured from the pseudo-
gravimetric measurements (Fig. 8), which can be described by (Al-
frey, Gurnee, & Lloyd, 1966)

M,  [Cudx

M.~ [C.dx

= kgt" + Mo (3)

where M, is the amount of water having diffused after an immersion
time t, My the amount of water present in the polymer matrix be-
fore the immersion in the solvent, M, the amount of water in the
polymer matrix at the equilibrium, and kq a parameter related to
the velocity or to the diffusion coefficient of the water uptake. M,
is proportional to integration of the NMR image intensity (the water
concentration) over space. The parameter n describes the kinetics of
the water uptake and is equal to 0.5 for Fickian diffusion and to 1 for
Case II diffusion. Intermediate values of n indicate an anomalous
diffusion process. If the diffusion is Fickian, the average diffusion
coefficient (D) in a cylindrical polymer sample of radius r is given
by (Crank & Park, 1968)
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Fig. 9. Water concentration profile in a CHAS II tablet loaded with 10 wt.%
acetaminophen after 30 min of immersion in water at 37 °C. Solid line, experimen-
tal results; dashes, fits to Eq. (5).

When the diffusion process is Fickian, the ‘instantaneous’ diffusion
coefficient can be measured by fittings of the second Fick’s law of
diffusion to the water concentration profiles obtained by NMR
imaging (Fig. 9). Fick’s law relates the diffusion coefficient to the
concentration gradient of the diffusing species. This concentration
(C) in an infinitely long cylinder of radius r after an immersion time
t is then described by (Crank, 1979)

C-GCo -1 7%2”: Jo(x0t)

~Du2t
Co — G 4= (xn]](rozn)e (3)
where x is a given position inside the tablet, Cy the initial concentra-
tion of the diffusive species in the tablet, C,, the concentration of
the diffusive species once equilibrium is obtained, and J, the Bessel
function of the first kind of order n and o, the nth root of J,.

The results presented in Table 3 show that the average diffusion
coefficient (calculated with Eq. (4) from fits of Eq. (3) to the relative
NMR water uptake measurements) is lower than the ‘instanta-
neous’ diffusion coefficient measured after 30 min of hydration
from fits of Eq. (5) to the water profile obtained by NMR imaging
(Thérien-Aubin et al., 2005, 2008). This is caused by the formation
of a gel membrane at the water/tablet interface. This membrane,
evidenced by NMR imaging (Baille et al., 2002; Malveau et al.,
2002; Thérien-Aubin et al., 2005, 2008) as well as other imaging
techniques such as electron microscopy and X-ray microtomogra-
phy (Chauve, Ravenelle, & Marchessault, 2007), has a lower poros-
ity than the core of the tablet and reduces the diffusion coefficient
of water.

4.4. Temperature effect

Both swelling and water uptake are affected by the temperature
of the system. Between 25 and 60 °C, the swelling rate increases
with temperature. On the basis of the swelling rate, an activation
energy for the swelling process of 42 + 8 kJ/mol was calculated
(Thérien-Aubin et al., 2005). However, the percentage of swelling
observed for the CHAS tablet is the same between 25 and 45 °C
within the experimental errors, while at 60 °C the percentage of
swelling is twice of the value observed at lower temperatures.
The limited swelling observed between 25 and 45 °C is ascribed
to the reorganization of the starch chains in the crystalline do-
mains (Thérien-Aubin et al., 2005). The results observed show that
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the mechanical properties of the network formed upon hydration
by the formation of the B-type double helices is not altered by
the temperature variations. The gelatinization of a suspension of
CHAS powder in water is observed between 60 and 100 °C (Raven-
elle & Rahmouni, 2006). The gelatinization is associated with the
loss of the crystalline domains. At 60 °C, the gelatinization disrupts
the B-type double helices, which are responsible of the limited
swelling observed at lower temperature, leading to the formation
of a weaker network which gives rise to an increase in swelling.

Fig. 8A shows that the diffusion process is Fickian between 25
and 45 °C and Case II at 60 °C. A Fickian diffusive behavior is char-
acterized by a linear relation between the water uptake and the
squared root of the immersion time. Frisch et al. have shown for
various polymer-solvent systems that for a given pair of poly-
mer-diffusant different diffusive behaviors might be observed
when temperature is varied, since both the water uptake and the
relaxation rate of the polymer matrix increases when the temper-
ature is raised (Frisch, 1980). Fickian diffusion is only observed
when the relaxation of the polymer network does not interfere
with the diffusion process and proceeds on a different time scale
from the diffusion process. Case Il diffusion, as for CHAS tablet im-
mersed in water at 60 °C, is observed when the rate of relaxation
and diffusion are similar.

In the case where the diffusion process is Fickian, Eq. (4) can be
used to measure the average diffusion coefficient. The diffusion
coefficient increases when the temperature is raised. The activa-
tion energy for the diffusion process (35 + 5 kj/mol) (Thérien-Au-
bin et al., 2005) is lower than the activation energy measured for
the swelling process. This difference could be explained by the fact
that while the diffusion process only involves movement of water
molecules, swelling is the combined result of the movement of
water molecules and of starch chains.

4.5. Drug loading effect

The swelling and water uptake of tablets containing drugs at
10 wt.% loading were analyzed in water at 37 °C. The two drugs
studied, acetaminophen and ciprofloxacin, have different solubility
and hydrodynamic radius. Ciprofloxacin is more soluble in water
(3.5 g/100 mL) than acetaminophen (1.4 g/100 mL) and has a larger
hydrodynamic radius (R, 0.65 nm vs 0.37 nm). Table 2 shows that
the presence of the drug does not influence the swelling of the tab-
lets within the limits of the experimental errors; analysis of the re-
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Fig. 10. Mobility (D/Do) of water in CHAS II tablets obtained by self-diffusion

coefficient NMR imaging in tablets (M) without drugs, (®) with 10 wt.% acetami-
nophen, and (a) with 10 wt.% ciprofloxacin.

sults with t-test (o = 0.05) shows that all the samples at 37 °C are
statistically equivalent. The presence of the drug at a loading of
10 wt.% is insufficient to alter the mechanical properties of the
3D network formed upon hydration by the B-type double helices
(Thérien-Aubin et al., 2008).

Fig. 8B shows that the average diffusion coefficients of water in
the tablet increase in presence of a drug in the CHAS tablets. The
higher diffusion coefficient is ascribed to the higher gradient of
chemical potential at the water/tablet interface, but not to a coar-
ser tablet structure caused by the dissolution of the drug (Thérien-
Aubin et al., 2008). Fig. 10 clearly shows that the mobility (self-dif-
fusion coefficient) of water is the same in the tablets with and
without drugs, the maximal reduced self-diffusion coefficient, as
observed in the membrane, is equivalent in the three types of tab-
lets. Therefore, the structure of the hydrated CHAS is similar in the
three types of tablets, since a coarser structure will have been evi-
denced by a higher reduced self-diffusion coefficient. Furthermore,
the presence of a gradient of chemical potential at the water/tablet
interface was shown by a water uptake experiment in a solution of
ciprofloxacin rather than in water. In the presence of the drug in
the surrounding media of the tablet, the diffusion coefficient of
water in the tablet decreases (Table 3), since the presence of the
dissolved drug decreases the chemical potential of the media and
thus decreases the gradient of chemical potential between the
media and the dry tablet (Thérien-Aubin et al., 2008).

NMR imaging could be used to correlate the drug release with
the water uptake in order to get a better understanding of the drug
release process. Fig. 11A shows that the release of acetaminophen
is faster than the release of ciprofloxacin, even though Fig. 8B
shows that water uptake in ciprofloxacin-loaded tablet is faster.
This phenomenon can be ascribed to the smaller hydrodynamic ra-
dius of acetaminophen (Thérien-Aubin et al., 2008). The mobility of
the dissolved acetaminophen molecule is higher that of ciproflox-
acin because acetaminophen is a smaller molecule (Thérien-Aubin
et al., 2008). These results are in keeping with the diffusion studies
in model hydrogels which showed that, in absence of any specific
interactions between the diffusant (the drug) and the network
(the tablet), the size of the diffusing molecule is the main factor
affecting the diffusion (Therien-Aubin, Zhu, Moorefield, Kotta, &
Newkome, 2007b). Fig. 11B clearly demonstrates that, because of
the higher mobility of acetaminophen, a lower hydration of the
tablet is needed to achieve the same release as in the case of cipro-
floxacin-loaded tablets (Thérien-Aubin et al., 2008).

4.6. Effect of preparation methods

The differences between the two methods presented in Fig. 3
reside in the order of the modification steps (gelatinization and
crosslinking). Even though both methods are similar, the tablets
produced with the different CHAS powder, have very different
behaviors (Thérien-Aubin & Zhu, 2006). Table 4 shows that the
water uptake is faster in CHAS I tablets, and these tablets swell
more extensively.

In a typical polymer system, a higher degree of crosslinking
leads to a reduced swelling (Flory, 1953). However, in the CHAS
tablets a higher degree of crosslinking leads to a higher swelling,
because the crosslinks here hinder the reorganization of the starch
chains in B-type double helices leading to the formation of a weak-
er network in the tablet (Lenaerts et al., 1998; Moussa & Cartilier,
1996). The increased swelling of CHAS tablets is followed by faster
water uptake and faster drug release (Lenaerts et al., 1991).

The differences between CHAS I and II was, first, ascribed to
their different degrees of crosslinking (Thérien-Aubin & Zhu,
2006). However, a detailed study of the reorganization of the
starch chains by '>C CP/MAS NMR, discussed in more detail previ-
ously, shows that the differences between the two types of tablets
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Fig. 11. (A) Kinetics of drug release from CHAS II tablets loaded with 10 wt.% (®) acetaminophen and (M) ciprofloxacin. (B) Influence of water uptake on drug release.

should be ascribed to the formation of a more heterogenous mate-
rial in the case of CHAS I (Therien-Aubin et al., 2007a).

5. Conclusion

NMR techniques are valuable in the characterization of pharma-
ceutical excipients. Crosslinked high amylose starch is an innova-
tive excipient, and the understanding of its behavior obtained
with the NMR techniques could be used to develop new and more
efficient drug release formulation. NMR imaging is a non-invasive
and non-destructive technique which provides images of the inte-
rior of an object, and quantitative information on both swelling
and diffusion kinetics. However, the information on the water up-
take measurements itself are insufficient to explain fully the drug
release kinetics observed in CHAS tablets since the physical charac-
teristics of the drugs are also key factors. Solid state '>C CP/MAS
NMR spectroscopy allows the observation of structural changes
in starch. The use of CP/MAS NMR with variable contact times per-
mits the quantification of each of the starch polymorphs, allowing
the analysis of the conformational changes observed upon hydra-
tion of the CHAS tablets.
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